Neuromuscular blocking drugs may be administered over several days to patients in the intensive care unit (ICU), but their pharmacokinetics have been studied at only one point in time, or assumed to be constant throughout the period of administration. We sought to determine if, in individual patients, the pharmacokinetics of vecuronium changed over the course of its administration in the ICU. In six critically ill patients, we measured plasma vecuronium concentrations during two periods: first, during initial administration of vecuronium and second, after its administration continuously for 3-6 days. A pharmacokinetic model was fitted to these plasma concentration data, and its parameters permitted to vary between the periods to determine if they had altered. Individual clearance values during the study ranged from 1.4 to 4.4 ml kg 91 min
Summary
Neuromuscular blocking drugs may be administered over several days to patients in the intensive care unit (ICU), but their pharmacokinetics have been studied at only one point in time, or assumed to be constant throughout the period of administration. We sought to determine if, in individual patients, the pharmacokinetics of vecuronium changed over the course of its administration in the ICU. In six critically ill patients, we measured plasma vecuronium concentrations during two periods: first, during initial administration of vecuronium and second, after its administration continuously for 3-6 days. A pharmacokinetic model was fitted to these plasma concentration data, and its parameters permitted to vary between the periods to determine if they had altered. Individual clearance values during the study ranged from 1.4 to 4.4 ml kg 91 min
91
. During prolonged administration, vecuronium clearance increased in three and decreased in two patients. This change ranged from a 61% decrease to a 58% increase, and was not linked to any clinical factor. The steady-state volume of distribution (range 368-1765 ml kg
; median 494 ml kg
) did not change in any patient during the study. The change in clearance of vecuronium during its prolonged administration in critically ill patients suggests that future studies of neuromuscular blocking drugs in the ICU should take account of their changing pharmacokinetics over the course of administration. (Br. J. Anaesth. 1998; 80: 715-719) Keywords : intensive care vecuronium; neuromuscular block vecuronium; pharmacokinetics vecuronium
The administration of neuromuscular blocking drugs is a common practice in the intensive care unit (ICU), where these drugs may be given for days or weeks. [1] [2] [3] Studies of the pharmacokinetics of neuromuscular blocking drugs in the ICU have been performed at only a single time during drug administration 4 5 or, if the study was conducted over several days, it was assumed that the pharmacokinetics were constant during the period of study. 6 Because neuromuscular blocking drugs are often given for several days, during which time the physiological status of the patients may alter, the pharmacokinetics of the drugs may also change, and an estimate of pharmacokinetics at one point in time may not be accurate at a later time. Vecuronium has been used commonly, and for prolonged periods, in the ICU. 4 7 8 In the present study we determined the pharmacokinetics of vecuronium in patients in the ICU, and investigated whether the pharmacokinetics in individual patients changed during prolonged administration of the drug. If the pharmacokinetics of vecuronium change during prolonged administration, the potential for changing pharmacokinetics should be taken into account in future studies of other neuromuscular blocking drugs in the ICU.
Patients and methods
The study was approved by the Committee of Human Research of the University of California at San Francisco. After obtaining written informed consent from each patient's next of kin and primary ICU physician, we consecutively studied six critically ill patients (three males, three females) aged 22-86 yr. Patients receiving assisted ventilation for adult respiratory distress syndrome (ARDS) were screened for possible enrolment in the study if the attending ICU physician decided that neuromuscular block was clinically indicated. Patients with a history of neuromuscular disease, renal failure requiring haemodialysis, or administration of a neuromuscular blocking drug in the 24 h before the start of the study were excluded.
PHARMACOKINETIC STUDY
In all patients vecuronium was administered i.v. at a rate of 6 g kg 91 min 91 until complete neuromuscular block was induced (approximately 10 min). Arterial blood was sampled before and at 2, 4, 6, 8, 10, 15, 30, 45, 60, 90, 120, 150, 180, 210, 240 , 300 and 360 min after the beginning of the infusion.
Subsequently, vecuronium was given by continuous infusion or frequent intermittent boluses according to clinical requirements. This method of administration continued until the patient's clinical status suggested that vecuronium therapy might be discontinued within the next 12 h. At this time, in all patients, vecuronium administration was changed to a continuous infusion at an hourly rate equal to the average hourly requirement over the preceding 24 h. This infusion was continued unchanged for 12 h, then discontinued. Three arterial blood samples were drawn during the 60 min just before discontinuing the vecuronium infusion and at intervals for up to 8 h after stopping the infusion. All samples were placed in ice and processed within 1 h.
Plasma concentrations of vecuronium were determined by a capillary gas chromatographic assay specific for vecuronium, with a coefficient of variation of 15% at concentrations of 15 ng ml 91 and a sensitivity of 10 ng ml 91 . 9 If, after withdrawal of vecuronium, the patients did not tolerate mechanical ventilation, atracurium was given during the period of blood sampling because it does not interfere with the vecuronium assay.
Data from each subject were analysed separately but all data from each subject were analysed together using nonlinear mixed-effects modelling (NONMEM). 10 Subjects were assumed to have reached a steady state before discontinuation of the final infusion. Basic parameters of the models were clearance (Cl), intercompartmental clearances (Q 1 and Q 2 ), and volumes of distribution V 1 , V 2 and V 3 .
Volume of distribution at steady state (V ss ) was equal to V 1 ; V 2 ; V 3 . First two-and three-compartment mamillary models were fitted to the data from each subject. The three-compartment model was used subsequently only if it could be statistically justified. Next, additional (change) parameters were introduced, each permitting one basic parameter (Cl, V 1 etc.) to vary from the first to the second infusion. These change parameters were accepted into the model only if they statistically and visually improved the fit of the model to the data. When all justified parameters had been introduced, the necessity for each one was tested by removing it and obtaining fresh parameter estimates. The necessity for a change parameter was used to evaluate whether or not a basic parameter had altered, and the magnitude of the change in the basic parameter was determined from the value of the change parameter.
Statistical justification for the use of a threecompartment rather than a two-compartment model and for inclusion of a new parameter in the model was a decrease of 9.2 in the NONMEM objective function (P : 0.01). . Liver function changed little in any patient during the study, and only for patient 5 did the grade change. In this patient, prothrombin time increased from a normal value of 13.1 s to a marginally elevated value of 14.2 s, resulting in his score changing from 2 to 3.
In all patients, mechanical ventilation was instituted for respiratory failure. Vecuronium was administered to enable the patients to tolerate mechanical ventilation, after appropriate sedation had been given. The patients' lungs were ventilated to achieve normocapnia. The patients' underlying pathology and the aetiology of their respiratory failure are shown in table 2.
Only one patient (patient 2) required inotropic support, and this was during the late phase only, using dopamine at an average rate of 6 g kg 91 min
91
; patients 4 and 6 received dopamine in renal doses of 1.6-3.2 g kg 91 min
. All patients except patient 2 received an aminoglycoside antibiotic during the course of vecuronium administration. Patients 1, 4 and 5 received frusemide during the early, but not the late, phase of the study. Patients 1, 5 and 6 received hydrocortisone throughout the study. Patient 6 received phenytoin throughout the study. figure 1 ). In contrast, for five of the six patients, there was a significant improvement in fit when Cl was allowed to change from early to late phases (table 3, figure 1 ). Allowing the intercompartmental clearances to vary from early to late phases did not improve the fit in any patient.
The ) increased in three and decreased in two patients.
Only one patient (patient 4) had a significant deterioration in renal function, and this was accompanied by a small decrease in clearance from 2.5 to 2.1 ml kg 91 min
. In patient 5 liver function deteriorated slightly, but clearance increased from 1.8 to 2.2 ml kg 91 min
.
Discussion
We found that the clearance of vecuronium changed in five of six patients over the course of vecuronium administration. There was no consistent pattern to this change; clearance increased in three patients and decreased in two. There are several potential reasons why clearance changed; among them are alterations in organ function, and the administration of drugs that might influence the biodisposition of vecuronium. The largest change in clearance occurred in patient 1, in whom it decreased from 3.6 to 1.4 ml kg 91 min 91 . This was accompanied by an increase in creatinine from 88 to 115 mol l 91 and no change in liver function. Even if renal function had deteriorated to a greater extent than was reflected by the relatively small change in creatinine, we consider it unlikely that the deterioration in renal function produced the decrease in clearance, as even in anephric patients vecuronium clearance may not change. 11 The haemodynamic status of this patient actually improved during the study (mean arterial pressure of 86 and 117 mm Hg during early and late phases respectively), without the administration of vasoactive drugs. We could identify no other factors in this patient's course that would account for the decrease in clearance of vecuronium.
Because vecuronium is eliminated by both kidney and liver we would have expected changes in function of these organs to have been reflected in changes in clearance. 12 13 However, in patient 4, who had significant deterioration in renal function, clearance decreased only slightly (2.5 to 2.1 ml kg 91 min
91
), and in patient 5 whose liver function deteriorated slightly, clearance actually increased from 1.8 to 2.2 ml kg 91 min
. The reason that we saw little relationship between organ function and clearance may be that the changes in organ function were relatively small and, additionally, other factors were influencing clearance, such as the administration of diuretics. Patients 1, 4 and 5 received frusemide during the early, but not the late, phase of the study and we could speculate that the resultant diuresis may have artificially increased vecuronium clearance in the early phase. The only data on the effect of an induced diuresis on the clearance of a neuromuscular blocking drug relate to mannitol, which had no influence on the clearance of d-tubocurarine. 14 In the absence of data, we cannot draw any conclusions about the possible interaction between frusemide and vecuronium clearance.
Patient 6 was receiving phenytoin, which significantly alters the neuromuscular response to vecuronium. 15 Vecuronium clearance in this patient did not change during the study, however, possibly because she had been receiving long-term phenytoin and any effect of the drug on vecuronium clearance would have been present at the start of the study.
Patients were receiving a variety of other drugs, for example aminoglycoside antibiotics and hydrocortisone, that interact with vecuronium and alter its pharmacodynamics, but have no known effect on its pharmacokinetics. Because patients in the ICU receive many drugs, interactions might occur that affect the pharmacokinetics of vecuronium, but as there are no data available we cannot speculate further on such possible interactions.
During the pharmacokinetic analysis, we assumed linearity, namely that plasma concentrations of vecuronium were proportional to the dose administered and that clearance would not vary with vecuronium concentration. This basic assumption underlies the pharmacokinetic modelling of nondepolarizing neuromuscular blocking drugs, and is supported by experimental evidence. 16 In a carefully controlled study, Wright and colleagues demonstrated that the pharmacokinetics of vecuronium were linear over an almost three-fold dose range. 16 In our study, the plasma concentrations of vecuronium were within the range of those studied by Wright and colleagues, 16 but our experimental conditions were different. Wright and colleagues studied healthy volunteers and vecuronium was administered for only brief periods; our subjects were critically ill and vecuronium was administered over several days. Thus, although we consider it unlikely that nonlinearity developed over the course of our study, we cannot rule out the possibility.
As vecuronium clearance could decrease or increase with time in an individual patient, the mean values for the patients as a group would not have differed between the early and late phases of the study. For this reason, we estimated the clearance and its change over time for subjects as individuals, and not as a group. Because patients in the ICU are so heterogeneous with regard to their pathophysiological state, expressing their characteristics as a mean value for a group is potentially misleading; in this study it would have suggested a stability in clearance which did not exist.
We found no change in the V ss of vecuronium during the study, but the interindividual values (368-1765 ml kg
) varied over a four-fold range; the mean value was 732 and the standard deviation 531 ml kg 91 , so the coefficient of variation was approximately 70%. These values for mean and coefficient of varia-tion are similar to those from an earlier vecuronium ICU study (1100 ml kg 91 , 55%). 4 This apparent large variability in V ss in patients in the ICU probably results from the heterogeneous nature of these patients, with regard in particular to their underlying disease processes and level of organ function. As we studied only six patients, we cannot preclude the possibility that, in other patients, the V ss for vecuronium might have changed over the course of the drug's administration.
The 14 This hypothesis of a large peripheral compartment with low blood flow is supported by the work of Waser and colleagues. 18 Using whole-body autoradiography in rats, they demonstrated that vecuronium is distributed widely, including into tissues with low blood flow, such as connective tissue. After acute administration of vecuronium, and with sampling periods of 6 h, the amount of drug in this peripheral compartment would be minimal, would not be revealed in the plasma concentration vs time curve, and hence would not influence the calculation of pharmacokinetic variables. However, with continued administration, progressively greater amounts of vecuronium would accumulate in the slowly equilibrating peripheral compartment. After discontinuation of vecuronium, distribution of the drug from this slow peripheral compartment into the plasma would significantly influence the decay profile of the plasma concentration vs time curve, and the larger V ss would be revealed. Normal clinical practice in our ICU dictated the regimen for administration of vecuronium over the course of the study. This resulted in continuous infusion, or regular and frequent bolus doses of vecuronium. The dose of vecuronium was increased until the patients tolerated mechanical ventilation, and remained unchanged thereafter. This regimen allowed us to model the pharmacokinetics of vecuronium using the assumption of steady-state, during the period between the early and late phases of the study. 10 Vecuronium has a 3-desacetyl metabolite that has significant neuromuscular blocking potency. 19 It was not the aim of this study to investigate the metabolite, but rather to determine whether the pharmacokinetics of the parent compound, vecuronium, changed with time. Because of our results with vecuronium, it is a reasonable assumption that the pharmacokinetics of its metabolite also change with time.
